In many modern teleost fish, chorion (egg envelope) glycoproteins are synthesized in the liver of females, and the expression of those genes is controlled by endogenous estrogen released from the ovary during maturation. However, among the classical teleosts, such as salmonid, carp, and zebrafish, the chorion glycoproteins are synthesized in the oocyte, as in higher vertebrates. Sturgeon, which are members of the subclass Chondrostei, represent an ancient lineage of ray-finned fishes that differ from other teleosts in that their sperm possess acrosomes, their eggs have numerous micropyles, and early embryo development is similar to that of amphibians. In order to understand the molecular mechanisms of chorion formation and the phylogenetic relationship between sturgeon and other teleosts, we used specific antibodies directed against the primary components of sturgeon chorion glycoproteins, using immunoblotting and immunocytochemistry approaches. The origin of each chorion glycoprotein was determined through analyses of both liver and ovary, and their localization during ovarian development was investigated. Our data indicate that the origin of the major chorion glycoproteins of sturgeon, ChG1, ChG2, and ChG4, derive not only from the oocyte itself but also from follicle cells in the ovary, as well as from hepatocytes. In the follicle cell layer, granulosa cells were found to be the primary source of ChGs during oogenesis in white sturgeon. The unique origins of chorion glycoproteins in sturgeon suggest that sturgeons are an intermediate form in the evolution of the teleost lineage.
INTRODUCTION
Sturgeon and paddlefish are members of the subclass Chondrostei and represent an ancient lineage of ray-finned fishes [1] [2] [3] [4] [5] . They differ from teleosts in that they exhibit an early developmental pattern similar to that of amphibians [6, 7] , they possess functional Müllerian ducts [8] , the sperm have acrosomes, and the oocytes possess numerous micropyles [6, [9] [10] [11] . Teleost fish eggs typically possess a single micropyle that permits only one sperm to access the oocyte plasma membrane, leading to fusion of sperm with the oocyte. Phylogenetically acrosomes are present in sperm from lampreys, sharks, and lungfish; however, none of these species possesses an egg with a micropyle. Furthermore, the cooccurrence of multiple micropyles with sperm possessing an acrosome that undergoes exocytosis with an extension of an actin-based filament is generally inconsistent with fertilization in teleostei, and even most animals where the presence of a micropyle(s) is almost always associated with an absence of sperm acrosomes [11, 12] .
In white sturgeon, Acipenser transmontanus, at 2 yr of age, oogenesis is initiated and meiosis and differentiation of the ovarian follicle occurs. By age 4 to 5 yr, the ovarian lamellae contain 100-to 300-lm-diameter oocytes in their primary growth phase, and a basement membrane, a thecal layer, and an undifferentiated granulosa layer are present [13, 14] . When the oocytes reach a diameter of approximately 400 to 600 lm, the initially thin, periodic acid-Schiff (PAS)-positive chorion appears, concomitantly with a proliferation of granulosa cells and a secretion of IGF-1 [13] [14] [15] . At the age of 4 to 8 yr, when the fish's body weight reaches 15-30 kg, vitellogenic growth of oocytes begins and continues for 16-18 mo. Yolk proteins are derived from the yolk precursor protein vitellogenin, which is produced in the liver under estrogen stimulation [16] . When the oocyte diameter is greater than 3.0 mm, vitellogenic growth subsides, the oocyte undergoes major cytoarchitectural changes in shape, and movement of the nucleus to the animal pole is initiated. At this relatively mature stage, the chorion reaches a maximum thickness and consists of three main layers, L1, L2, and L3 [17] .
The chorion (referred to as zona pellucida [ZP] in vertebrates except for teleosts, where the term is ''chorion'') is an extracellular matrix, and one of its primary components has been identified as a sperm receptor in mammals [18, 19] . In mammals, the term ''chorion'' is commonly used to refer to the membrane surrounding embryos of amniotes; however, many researchers still use the term ''chorion'' to refer to the egg envelope in teleosts. In this paper, we also have used the term chorion for the sturgeon egg envelope.
In most animals, the egg envelope (chorion in fish) has several functions, including attraction and activation of spermatozoa, polyspermy blockage at fertilization, and protection of the developing embryo. In sturgeon, an additional important function includes induction of the sperm acrosome reaction by a soluble chorion component [9] , so that the chorion in sturgeon may be similar to the mammalian ZP with regard to this function. The liver has been identified as the site of chorion glycoprotein (ChG) synthesis in the fresh water fish medaka (Oryzias latipes) [10, 20, 21] . Synthesis of these glycoproteins is induced by estrogen (E 2 ), not only in the liver of females but also in the liver of E 2 -treated males [21, 22] . Extraovarian origin of the chorion is not restricted to medaka. The cDNAs encoding ChGs were cloned from a liver cDNA library of winter flounder [23] , medaka [24, 25] , rainbow trout, and Atlantic salmon [26] . These glycoproteins were identified as members of the ZP-C (ZPC) and ZP-B (ZPB) gene families, respectively [24, 25, 27] . The precursor proteins of ChGs in fish are termed choriogenins (Chg) [25, 28] . In contrast, synthesis of the ChGs in cyprinids (goldfish, carp, and zebra fish) seems to be restricted to the oocyte [29] [30] [31] [32] . The discovery of sequence conservation of the egg envelope polypeptide moieties across fish, amphibian [33] [34] [35] [36] [37] [38] , avian [39] [40] [41] , and mammalian species [42] [43] [44] stimulates speculation that molecular structures and mechanisms of fertilization may be conserved across phylogenetic lines.
MATERIALS AND METHODS

Fish and Tissues
Mature female white sturgeon (A. transmontanus) tissue samples were extracted from fish maintained at a spawning hatchery and a caviar processing facility and from immature fish (3 yr old) sampled from production tanks and during processing (Sterling Caviar and The Fisheries Inc.). To cancel individual differences among females, more than 10 fish were randomly selected every year (2008 through 2012) during the spring and fall from which to collect tissue samples. Tissue samples from ovary and liver were collected from females at the spawning hatchery and dissected from the fish at the processing plant just before ovaries were processed for caviar.
Collection of Oocytes at Spawning
To collect ovulated oocytes during the spawning season, a small surgical incision was made in the abdominal cavity, and free oocytes were collected using a scoop by methods that avoided all water contact. The collected tissues were immediately treated following specific procedures for each experiment, placed in vials, stored on ice, and then transferred immediately to the laboratory at the University of California Davis.
Collection of Oocytes at the Holding Facility
At the holding facility, individual oocytes were removed from the ovary by using forceps. In each case, samples were placed in cold sturgeon saline (SBS; 13 g/L NaCl, 0.5 g/l KCl, 0.652 g/l CaCl 2 Á2H 2 O, 4 g/l NaHCO 3 ) and transferred to UC Davis in temporary storage at 48C.
Chorion Lysate Preparation
In the laboratory, oocytes were examined using a stereo microscope, and the follicle cell layer were manually removed from each oocyte with fine forceps while immersed in ice-cold SBS containing 0.05 M ethylenediaminetetraacetic acid (SBS-EDTA). The contents of oocyte cytoplasm were then removed by suction with a tapered sharp glass pipet and by flushing with cold SBS; the isolated chorions were rinsed further with cold SBS. After transferring the cytoplasm-free oocyte into a petri dish containing ice-cold SBS-EDTA, the chorions were manually cleaned by flushing with ice-cold SBS-EDTA again and finally transferred into 1.5-ml tubes with ice-cold SBS-EDTA solution.
SDS-PAGE
For SDS-PAGE, chorions were minced using surgical eye scissors while immersed in ice-cold SBS. After centrifugation, the chorion pieces were homogenized in 100 ll of the SDS sample buffer containing 2-bmercaptoethanol. The homogenate was boiled for 5 min and then stored at À208C before use. After thawing, the sample was centrifuged at 14 000 rpm at room temperature. The supernatant was used for SDS-PAGE samples.
Sturgeon chorion components were identified by SDS-PAGE by using 11% or 13% SDS-PAGE according to the method of Laemmli [45] . After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-250 (CBB; Thermo Scientific), and SDS-PAGE patterns of the chorion obtained from ovarian eggs were identified. To identify the proteins, mass spectrometric analysis was performed. To analyze the peptide sequences of each chorion protein, SDS-PAGE bands obtained from the ovarian chorions were manually excised using a sterile razor blade, each band was minced well, and then each protein band was placed separately in individual tubes for further analysis using mass spectrometry (MS). Tandem MS (MS/MS) analysis and computational analysis of the output results were performed in the Proteomics Core Facility at the Genome Center (UC Davis) following their procedures (http://proteomics. ucdavis.edu/services-and-prices/). For antibody production, ChG1 and ChG2 were isolated together due to difficulty in separation from SDS-PAGE; as such, ChG1 and ChG2 were manually excised together as a mixture (ChG1 and -2), by using a sterile razor blade, whereas ChG4 was excised separately, and the isolated protein bands (ChG1 and -2, ChG4 [ Fig. 1]) were minced well, and used as antigens for antibody production.
Polyclonal Antibody Production
The well-minced and homogenized SDS-PAGE bands, including ChG1 and -2 or ChG4 and an equal volume of complete Freund adjuvant, were emulsified and injected into rabbits or mice as antigens, which enabled us to perform double staining at the same time in the same specimen. For control antisera, an emulsion of the SDS polyacrylamide gel without proteins was prepared in the same manner. The antibodies were produced in rabbits and mice (rabbit for ChG1 and -2 and mice for ChG4) at the Comparative Pathology Laboratory, Department of Veterinary Medicine, UC Davis (http://cpl.ucdavis.edu/?f¼pap). Following the facility's procedure, the antigens were injected into animals every 2 wk for 3 mo. One month after the first injection, the first test bleed was performed. Characterization of these antibodies was performed following Western blotting and immunohistochemistry, using chorion, liver, and oocyte tissue homogenates (see Results). The best dilution factors of each antiserum were determined separately in each experiment, depending on the experiments and samples used. The obtained antisera were used as primary antibodies (antiChG1 and -2 antibody and anti-ChG4 antibody).
Western Blot Analysis
Western blot analysis was performed following the methods described in Murata et al. [21, 22, 24] . After SDS-PAGE, the proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane (Immobilon-P; Millipore Co.). After treatment with primary and secondary antibodies (horseradish peroxidaseconjugated goat anti-rabbit immunoglobulin G [IgG; product no. A0545; Sigma-Aldrich], horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G [IgG; code ab6728; Abcom]), the immunoreactive protein bands were visualized using a TMB substrate kit (Vector Lab, Inc.). To identify the specificity of primary and secondary antibodies, negative controls included ChG blots incubated separately with only primary or secondary antibodies.
Histology and Immunocytochemistry
Liver and ovary tissues were obtained from the same female for initial characterization, and then sample sets of liver and ovary tissues were also collected from the randomly selected females at ovarian maturity stages II, III, and IV [46] . Liver tissues obtained from male sturgeons were used as negative controls. The collected samples were pre-fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.2) at 48C for 48 h. After rinsing with SBS, the tissues were incubated in ice-cold 100 % methanol and then stored at À208C before use. The PFA/methanol-fixed tissues were dehydrated with an alcohol series: 100% ethanol (EtOH) at À48C overnight at À208C, 100% EtOH for 1 h at room temperature, and Histo-Clear (National Diagnosis) for 1 h at room temperature, three times, and embedded in paraffin. The sections were cut at 6-lm thicknesses and then deparaffinized and rinsed with 50 mM Tris-HCl, pH 7.4, containing 0.15 M NaCl (TBS) for 20 min, three times. To elucidate the morphology of the ovarian oocytes, hematoxylin-eosin (H&E) staining was also performed after the method described by Zhang et al. [47] and observed using a microscope (Labphoto2, Nikon) and recorded using a charge-coupled device camera (model CFW-1310C; Scion Corp). For immunocytochemistry, following deparaffinizing and rinsing with TBS, sections were incubated with primary antiserum diluted 1000 times (antiChG1 and -2 antisera) or 400 times (mouse anti-ChG4 antisera) with 2% skim milk-TBS containing 0.05% Tween-20 (TTBS) and 2% preimmune goat serum overnight at 48C. After rinsing with TBS, the sections were visualized with goat anti-rabbit Alexa 568 or goat anti-mouse Alexa 488 (Invitrogen) diluted 400 times with 2% skim milk-TBS containing 0.05% Tween-20 (TTBS) overnight at 48C. Sections were then rinsed with TBS and then mounted on glass slides in MURATA ET AL. mounting medium (90% glycerol, 10% of 50 mM Tris-HCl, pH 7.4 containing 0.15 M NaCl [TBS] with 50 mM N-propylgallate) and covered with a cover glass. To identify the specificity of primary and secondary antibodies as negative controls the sections were labeled separately with rabbit preimmune serum and mouse preimmune serum separately, washed, and then labeled with goat anti-rabbit Alexa 568 or goat anti-mouse Alexa 488 (Invitrogen). No immunoreactivity was observed in the negative control ovarian oocyte sections (see Supplemental Figure S1 ; all supplemental data are available online at www.biolreprod.org).
Immunofluorescence Imaging
The primary antibody-labeled sections with secondary antibodies with different Alexa-fluors (goat-anti-rabbit 488, 568; Life Technologies) were observed using a Fluoview model 500 confocal laser scanning microscope (Olympus) mounted on an BX61 upright fixed stage microscope (Olympus), equipped with fluorescence water immersion objectives. For double staining with two antibodies, the sections were incubated with one of the primary antibodies, and then after rinsing with TBS incubated with the Alexa-fluorconjugated secondary antibody. This process was repeated for the second primary antibody and its corresponding secondary Alexa-fluor-conjugated antibody.
Electron Microscopy and Fine Structure Immunocytochemistry
In order to elucidate the structures and compositions of white sturgeon chorion in detail, transmission electron microscopic (TEM) and scanning electron microscopic (SEM) observations were performed. For TEM analyses, the ovarian oocytes were fixed with 4.0% PFA in 0.1 M sodium phosphate buffer (PBS; pH 7.2) at 48C. The oocytes were rinsed in the same buffer and treated with 0.1% tannic acid (Sigma) in 0.1 M PBS for 30 min at room temperature (RT) before dehydration in ethanol to 50%, followed by 2% uranyl acetate (Sigma) in 50% ethanol for 1 h. Complete dehydration was accomplished before embedding in London resin (LR) White (The London Resin Co.). Sections were placed on formvar-carbon-coated gold grids and incubated with 1% fish gelatin (Pella Inc.) to block nonspecific binding, and then incubated with a 1:500 dilution of mouse anti-ChG4 in a humidity chamber at 48C. After rinsing with PBS, the sections were incubated with 1:50 diluted colloidal gold (10-nm)-conjugated anti-mouse IgG (BII International; Pella Inc.) for 1 h at RT. Then the grids were rinsed well with PBS and fixed for 10 min with Karnovsky solution (2.5% glutaraldehyde, 2.0% PFA in 0.1 M PB, pH 7.4). After rinsing with PBS, rabbit anti-ChG1 and -2 antisera (1:1000 dilution of rabbit anti-ChG1 and -2 in PBS) was incubated with the sections overnight in a humidity chamber at 48C. Following rinsing with PBS again, samples were then incubated with 1:50 diluted colloidal gold (20-nm)-conjugated anti-rabbit IgG (BII International; Pella Inc.) for 2 h at RT. Grids were rinsed with double-distilled water and stained with uranyl acetate and before viewing on the electron microscope (Philips CM120 Biotwin lens; FEI Co.).
For SEM observations, samples were fixed in Karnovsky solution (2.5% PFA plus 2.0% glutaraldehyde in 0.08 M PBS, pH 7.2) for a minimum of 24 h and washed in 0.1 M PBS, pH 7.2. Samples were post-fixed in cold 1% osmium tetroxide solution for 2 h and washed in the same buffer solution. The samples were then dehydrated in a graded series of ethanol at 30%, 50%, and 70% and three washes of 95% and 100% (15 min each). The samples were then dried to critical point in a CPD2 (Pelco) using liquid CO 2 and conductively coated with gold in a Pelco SC7 sputter coater and viewed on the electron microscope (Philips XL30 TMP; FEI Co.). Figure 1 , A and B, shows the structure of the ovarian egg and the chorion at ovarian maturity stage IV stained with H&E as well as SDS-PAGE pattern of white sturgeon chorion polypeptides (ChGs) (Fig. 1C ) in the ovarian oocyte at the maturity stage IV, which is close to ovulation. It is well documented that the chorion consists of three layers, designated layers 1, 2, and 3 (L1, L2, and L3, respectively) [9] . Each layer showed a different staining pattern with H&E and periodic acid-Schiff (PAS) staining [9, 47] .
RESULTS
Structure of the Chorion in the Ovarian Oocyte and SDS-PAGE Analysis of Major Components of the Chorion
After SDS-PAGE in our study, the chorion consisted of seven components (Fig. 1C) . The peptide sequences of all seven components were analyzed using MS (ChG1, ACSFTAGSSR; ChG2, VAFASQNVDSVNK; ChG3, ALLPQTVAAQCGESR; ChG4, KACSFNQR; ChG5, PALGDASGFGK; ChG6, LGDASGFGK; and ChG7, VLLNIGQALPLDPK), and all 
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components included a sequence of chorion proteins similar to those exhibited in other animals, including another species of sturgeon [48] . Sequentially, each of the components are designated ChG1-ChG7, following their molecular weight (Fig. 1C) . As shown by the intensity of CBB staining, ChG1 and ChG2 merged closely with each other, and the relative amount of protein of these two ChGs was larger than the others. ChG1, -2, and -4 were identified as the main components in the chorion polypeptides.
Specificity of Anti-ChG1 and -2, and Anti-ChG4 Antibodies as Probes Figure 1 , D-G, shows the results of specific immunoreactivities of the components of the chorion in the oocyte at ovarian maturation stage IV relative to both the anti-ChG1 and -2 and to the anti-ChG4 antibodies. The secondary antibodies alone (no primary antisera) did not react to chorion samples used in this study (Fig. 1, D and F) and serve as negative controls. Anti-ChG1 and -2 antibody reacted intensely with ChG1 and ChG2 in both the ovarian oocytes and the ovulated oocytes (Fig. 1E) . Very faintly, ChG3 may have also reacted with this antibody but was considered extremely minor (Fig.  1E) . Anti-ChG4 antibody also reacted only with ChG4 in both the ovarian eggs and the ovulated eggs (Fig. 1G) , although some reactivity was observable in the high-molecular weight range and was probably due to glycoprotein streaking in the gel. This result showed that anti-ChG4 antibody specifically reacted with ChG4 and not ChG1 and ChG2 in the white sturgeon chorion.
lmmunoblotting Analysis of Ovary and Liver Extracts
Obtained from Females at Ovarian Maturation Stages II-III Figure 2 shows SDS-PAGE patterns of the protein bands (Fig. 2, A and B) and the immunoreactive bands of the ovary and liver extracts of the female at ovarian maturation stages II-III with the use of anti-ChG1 and -2 antibody (Fig. 2D ) and the anti-ChG4 antibody (Fig. 2F ). The comparison with the oocyte chorion polypeptides can be seen in Figure 2A . The negative controls (no primary antibodies) for both ovary and liver for both primary antibodies are shown in Figure 2 , C and E. In the ovary and liver extracts, polypeptide bands corresponding to ChG1 and -2 and ChG4 were detected by ChG1 and -2 and ChG4 antibodies separately (Fig. 1, D and F, respectively). As shown in Figure 2 , D and F, the bands corresponding to ChG1 and -2 (molecular weight [MW], 86-100 kDa) and ChG4 (MW, 47 kDa) were detected in the liver extracts of females at ovarian maturation stage II-III. Thus, these immunoreactive polypeptides present in the chorion were also present in the liver. In these ovarian samples, two polypeptides, 23 and 37 kDa, showed faint immunoreactivity against the anti-ChG1 and -2 antibody, and a ;60-kDa polypeptide also showed a faint immunoreactivity against the anti-ChG4 antibody. The faint immunoreactivity of these polypeptides was considered nonspecific immunoreactivity, because during repetitive experiments, the two polypeptides showed high variability with both positive and negative immunoreactivity.
Immunolocalization of Chorion Proteins in the Liver and Ovary of Females (Ovarian Maturity Stages II-III)
As shown in Figure 2 , biochemical analyses following Western blotting also revealed that the ChG1 and -2 and ChG4 proteins were present in the extract of the ovary and the liver of female fish at ovarian maturity stages II-III.
The liver sections of female fish at ovarian maturity stages II-III were stained with anti-ChG1 and -2 antibody (Fig. 3B ) and anti-ChG4 antibody (Fig. 3C) . The immunoreactive proteins were detected in the female liver (Fig. 3, A-D, FL) but not in the male liver (Fig. 3, A-D, ML) . Analyses indicated that the ChG proteins of the female white sturgeon liver (Fig. 3 , A-D) may be released into the blood and transferred into the ovary to be incorporated into the chorion, as has been shown for ChGs in medaka fish [21, 22, 24, 25] . In the enlarged panels at each corner of Figure 3 , A-D, for liver, the intense immunoreactivity of the anti-ChG4 antibody (Fig. 3C) can be seen in hepatocytes; however, the intensity of the immunoreactivity relative to anti-ChG1 and -2 antibody varied, with some cells being intensely labeled and others less so. In the ovary at this stage, ChG4 existed primarily inside the oocyte MURATA ET AL.
and to a slight extent also was observed on the outside of oocytes (Fig. 3, G and K) . However, ChG1 and -2 localized mostly in the follicle cell layers and to a lesser extent inside the oocyte. Based on the merged-image analysis (Fig. 3, D , H, and L), ChG4 appeared to originate in both the liver and oocyte during oogenesis; however, ChG1 and -2 originated not only in the liver and oocyte but also in the follicle cells. These results strongly suggest that ChG1 and -2 may be synthesized in the follicle cells and then accumulate between the follicle cell layers and the oocyte plasma membrane (Fig. 3, F and J) .
Immunolocalization of ChG1 and -2 and ChG4 in Ovarian Oocytes
Our fluorescence imaging data indicate that both antibodies recognized antigens both in the inner layer of the chorion and in the oocyte cytoplasm. Furthermore, anti-ChG1 and -2 antibodies also reacted with the outer layer of the chorion, including the fibrils of the oocyte's chorion as well as the follicle cell layers (Fig. 3, F , H, J, and L). Figure 4 shows the immunoreactivity of anti-ChG1 and -2, and anti-ChG4 antibodies to the ovarian oocyte that has just initiated chorion formation at stage II. Using confocal microscopy, different optical planes of the specimens revealed immunolabeling on the surface of developing chorions (Fig. 4, B-D and F-H) . At this earlier stage of oocyte development, the chorion appeared as two very thin layers (Fig. 4E, L2 and L3 ), suggesting that these two layers might be established at the same time during oogenesis. Of note, most of the chorion stained yellow, indicating colocalization of the two antibodies that were red and green, but green (ChG4) and red (ChG1 and -2) were also apparent in the chorion, and red staining appeared in the follicle cell layer (Fig. 4H) . 
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Immunoreactivity of oocytes in the developing ovary of females at ovarian maturation stage III are shown in Figure 5 . As shown previously in Fig.1 , the mature chorion consists of three layers (L1, L2, and L3); however in the oocyte at this earlier stage of maturation, only L2 and L3 were observed (Fig.  5A) . The anti-ChG1and -2 antibody intensely labeled the inner layer of the ovarian oocyte chorion (L2), with particularly intense labeling toward the interior region of L2, as well as at the oocyte surface (Fig. 5, B and F) . Less intense staining was observed at the outer region of L3, at the follicle cell layer, and on the external surface of follicle cell layers (Fig. 5, B , F, H, and L). The anti-ChG4 antibody intensely labeled both the inner layers of the ovarian oocyte envelope (L2 and L3) and at the oocyte surface (Fig. 5, C and G) . The labeling of the chorion always appeared more intense than that within the oocyte cytoplasm (Fig. 5, C, D, G, and H) . These results suggested that the synthesis of L2 and L3 proteins in the oocyte and follicle cells occurred gradually but that they accumulated rapidly in the extracellular space between the oocyte and chorion (Fig. 4, F-H) . Less intense labeling was observed in the follicle cell layers and in some of the connective tissues (Fig. 5, D and H) . Confocal microscopy revealed the organization of the chorion, using the localization of ChG1 and -2 and ChG4. Figure 5 , E-L, shows a different portion of the chorion in the same ovarian oocyte shown in Fig. 5 , A-D, at a higher magnification to further elucidate the location of the immunoreactive proteins. The focal plane was different in the same section of the oocyte between Figure 5 , E-H and I-L. These observations from confocal imaging show that at least in this region of the chorion, L3 is composed primarily of ChG4, with low levels of ChG1 and -2, as indicated by the signal appearing all green (Figs. 5, D and H) . However, the overlying signal was yellow and orange in L2, indicating both ChG1 and -2 and ChG4 are colocalized within L2 and are in relatively similar quantities. Figure 5L reveals that the intense yellow colocalization signal was striking from the top of L3 through the pore canals to the oocyte surface. These results suggested that there may be movement of chorion proteins from the follicle cell side of the chorion toward the plasma membrane side. Figure 5 , D, H, and L, also clearly shows that ChG1 and -2 are localized on the surface of L3 and inside the follicle cell layers. These results also strongly suggest the possibility that at least ChG1 and -2 originated from outside the oocyte itself. To further understand the structure of the ovarian oocyte chorion, fine structural analyses were performed (Fig. 6 ). Figure 6 shows the results of fine structural immunolocalization of an ovarian oocyte, using both anti-ChG1 and -2 antiserum as well as anti-ChG4 antiserum. The 20-nm gold particles (Fig. 6 , arrows) represent immunoreactive ChG1 and -2 to anti-ChG1 and -2 antiserum that were observed, not only in L1 (Fig. 6 , F and G), L2 (Fig. 6, D and E), and L3 (Fig. 6 , B and C) of the oocyte chorion but also in the follicle cell epithelium (Fig. 6B) . However, in L3, the number of 20-nm gold particles was relatively small (Fig. 6, B and C) . The small pore canals of the chorion through which the microvilli of the oocyte extend also showed considerable immunoreactivity (Fig. 6, B-G) . The cytoplasm of the oocytes also showed the immunoreactivity with anti-ChG1 and -2 (Fig. 6G) . The 10-nm gold particles (Fig. 6, arrowheads) represent immunoreactive ChG4 relative to the anti-ChG4 antibody were observed predominantly in all inner layers of the oocyte chorion (L1, L2, and L3) (Fig. 6, B-G) . The small pore canals of the envelope, through which the microvilli of the oocyte extend, also exhibited a considerable immunoreactivity to the anti-ChG1 and -2 antibody (20-nm gold particles) (Fig. 6, B-G) . These data strongly suggest that specific chorion glycoproteins are transported through the pore canals. Figure 7 shows fine structural analysis of follicle cell layers in ovarian oocytes. Twenty-nanometer gold particles (ChG1 and -2) (Fig. 7 , black dots and arrows) were localized in the follicle cell epithelium (Fig. 7 , B-E) and granulosa cells (Fig. 7C) . Conversely, 10-nm particles (ChG4) (Fig. 6 , light gray dots, arrowheads) were not observed in the follicle cells themselves but in L3 (Fig. 7E) . Figure 8 shows fluorescence localization of ChGs in the ovarian oocyte obtained from a female at ovarian maturation stage III. At the mature stage, L3 showed both red and green signals (both ChG1 and -2 and ChG4), but there were low levels of yellow signal, indicating these antigens were not colocalized but rather existed as discreet patches (Fig. 8, E and F) . In this particular oocyte, the L1 layer had initiated structural formation at the surface of the plasma membrane (Fig. 8, B-F) . The predominantly green (ChG4) layer immediately inside of the oocyte was probably synthesized by the oocyte, because foci of green fluorescence made up most of the signal in these samples (Fig. 8, D and E) .
SEM observation was designed to elucidate the threedimensional structure of the ovarian oocyte chorion; L3 showed a hexagonal structure under the follicle cell layers (Fig. 9, B-E) . The follicle cell layers were peeled off manually (Fig. 9, A and B, yellow arrows) and removed, and samples were then fixed in Karnovsky solution. Within the confines of the hexagonal borders, oocyte microvilli appear at a higher density than within the hexagonal centroids (Fig. 9, B-E) . Also, along the borders of the hexagonal structures, there was a ribbon-like material dividing hexagonal structures, and these appeared attached to each other (Fig. 9F, arrowhead) . Figure  9G shows the fine structural relationship of follicle cell layers and L3 in the ovarian oocyte obtained from a female at ovarian maturity stage IV, using TEM. The extensions of follicle cells penetrated the L3 layer with regular spacing (Fig. 9G, blue  arrows) . These structures extending into the chorion may represent the same structures as in Figure 9F (ribbon-like sheets).
DISCUSSION
This study characterized the oocyte/egg chorion proteins of white sturgeon by using biochemical and immunochemical analyses with specific antibodies for sturgeon ChGs. The unique distribution of the ChGs in the chorion and the possibility of triple origins for them in white sturgeon is shown for the first time. Electron microscopy observations were used to illustrate the detailed localization of these proteins in the structure of the ovarian oocyte.
The white sturgeon mature oocyte chorion consists of at least seven ChGs, whereas, in general, most fish chorion 
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consists of 3-5 components [21] . Based on our immunoblotting experiments, we believe that the immunoreactivity of ChG3 (Fig. 1E ) against anti-ChG1 and -2 antibody is nonspecific; however, ChG3 may have peptide sequences or structures similar to those of ChG1 and -2, as the polyclonal antibody used may include Ig that could react with carbohydrate chains or a three-dimensional structure of ChG3 that is similar to those of ChG1 and -2. In medaka and another sturgeon species [48] , the cDNAs encoding these ChGs have been cloned from the spawning female liver cDNA library, and the liver-specific ChGs, are called choriogenins (Chgs) [25, 28] . The expression levels of all choriogenins are induced by endogenous estrogen during oogenesis in the female [21, 22, 24, 25] . Extraovarian ChGs are reported not only in medaka but also in other species [10] . In teleosts, most functions of the individual ChGs that occur during oogenesis and fertilization are not well understood. In this study, the ChG1 and -2 antibody and the ChG4 antibody reacted specifically to ChG1 and -2 and ChG4, respectively. The molecular weight of the polypeptides in both the liver and ovary that reacted with antiChG1 and -2 and anti-ChG4 antibodies were almost the same as those of antigens in the chorion. The intensity of the immunoreactivity of the antibodies in the liver was variable, and it appears that the immunoreactivities against the ChG1 and -2 and ChG4 antibodies is different in different hepatocytes. We can speculate that at different times of gonadal maturation, different hepatocytes may have increasing or decreasing levels of expression of the different ChGs.
In fish, the solubility and the form of the chorion proteins before and after their assembly into the structured chorion are different [49] [50] [51] . The Chgs are soluble in blood, but once assembled as part of the chorion, they become insoluble [21, 49, 50] . The ChGs in white sturgeon are also glycoproteins [9] . In sturgeon, during chorion architecture formation in the ovary, the carbohydrate chains of ChGs may also be modified and contribute to making the chorion structure. Our results suggest that ChG1 and -2 were synthesized not only in the oocyte and the liver, but also in the follicle cells. Three sites of expression, as occurs in white sturgeon, has not been previously reported for other fish Chgs to our knowledge. During oogenesis, ChG4 appears to be synthesized in the oocyte as well as in extraovarian tissues, specifically in the liver. It appears that during oogenesis, the sturgeon chorion first develops as a single layer and then differentiates into two layers (L2 and L3) as the oocyte develops. In later oogenesis, L1 formation was observed in the outer cytoplasmic region of the oocyte and is the last layer of the chorion that is synthesized and subsequently organized. Interestingly, we found that the distribution of ChG1 and -2 and ChG4 in each layer differed, suggesting that there is a three dimensional structural complexity to each layer of the chorion; the existence of this complexity is further supported by the structural observations obtained from SEM analysis. A summary of the distribution of chorion proteins in the developing chorion and a hypothetical illustration of the chorion formation during oogenesis are presented in Figure 10 . As shown in the immunocytochemistry analyses, a large number of 10-nm particles representing ChG4 can be observed through the matrix of the chorion, as compared to 20-nm particles representing ChG1 and -2 that appear less frequently in the chorion. This indicates that ChG4 is the primary ChG supporting the architecture of the chorion. Based on the results, we hypothesize that the function of L2 is mainly to also support the chorion structure; however, the functions of L3 during oogenesis and fertilization are not only to support the chorion structural complex but also to play important roles in fertilization success through its interactions with sperm [9] . Biochemically, L3 is composed primary of ChG4 with a small portion of ChG1 and -2 at the outermost layer of the chorion and therefore may be the first to interact with the sperm during fertilization. Cherr and Clark [9] showed that at fertilization, L3 releases a soluble 66-kDa glycoprotein that is modified from an insoluble 70-kDa glycoprotein and stimulates the sperm acrosome reaction.
Taken together, these observations also support our hypothesis that ChG1 and -2 and ChG4 might play different roles interacting with the sperm during fertilization. A schematic illustration of the sturgeon chorion is shown in Figure 11 . Based on this study and previous work by Cherr et al. [17] , we propose a new model to describe the terminology of the fish chorion. We hypothesize that the outermost chorion layer (Figs. 3, 5 , and 10, L4 shown in red) and the adhesive layer (Al) are different. Al is established during ovulation and is possibly the jelly layer previously described by Cherr and Clark [52] . Determination of the composition of L4 and Al requires further study.
Our model incorporates historically used terms to define the egg chorion as zona radiata and its two components, which has also been used to represent the egg envelope [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . Zona radiata consists of two layers, zona radiata extra (Zre) and zona radiata interna (Zri). In Figure 11 , the historical terms have been redefined using antibody-based approaches and are designated L1, L2, and L3. In salmonid species, Zre is covered by an adhesive, jellylike coating, which is frequently sloughed or rubbed off during sample preparation; the Zre does not appear to change structurally following fertilization or activation by water [53] . From this point of view, Al in sturgeon is probably equal to Zre. Based on our modified definition of the chorion for sturgeon, the chorion includes Zri, and L1, L2, L3, and L4 are all part of this but may not be part of Zre.
Possible Triple Origin of Chorion Proteins in White Sturgeon
Based on Western blotting and immunohistochemistry, both ChG1 and -2 and ChG4 proteins exist not only in the ovary but also in the liver extracts of the female fish at ovarian maturation stages II and III. Based on these data, we hypothesize that during oogenesis, either all or part of the chorion components are synthesized in both the liver, the oocyte proper, and the ovarian follicle cells. Chorion components originating from the liver are secreted from the hepatocyte into the blood and are then transferred into the ovary and incorporated into the space between the oocyte plasma membrane and the outer layer of the chorion [54] . Our hypothesis is supported by our immunolocalization and molecular biological data (K. Murata et al., unpublished data) and that of others that show in teleosts, except for zebrafish, carp, and goldfish belonging to the order 
ORIGIN OF CHORION PROTEINS IN THE WHITE STURGEON
Cypriniformes, the chorion glycoproteins are synthesized in the liver [10] . Our data also show that sturgeon chorion proteins exist in the follicle cells. The follicular origin of the chorion is reviewed by Guraya [55] and Kuntz [56] . These previous studies support our hypothesis with white sturgeon that the ovarian follicle cells are also tissue that synthesizes ChGs. Our unpublished molecular biological data show that some cDNAs encoding chorion proteins can be cloned from liver and ovary cDNA libraries obtained from fish at ovarian maturation stages II-III. In the ovary, in the case of white sturgeon, chorion proteins are synthesized in the growing oocyte as has been shown in zebrafish, gold fish, and carp [10] , but are also synthesized in the follicle cells. It is believed that the extraovarian origin of the chorion had been acquired after the diversion of Cypriniformes, including zebrafish, carp, and goldfish, and following the event of gene duplication [57] .
Sturgeons and paddlefish represent the ancient lineage of ray-finned fish that have existed for over 200 million years and have remained relatively unchanged since before the age of the dinosaurs. Their ancestors are thought to be close to the stem line of tetrapod evolution. Therefore, Acipenseriformes (sturgeon) is a fascinating order connecting the ray-finned fish and the lobe-finned fish basal to the tetrapod. Our data suggest the possibility that in this ancestral animal, before the ancestral lines diverged into the tetrapods and teleost, chorion proteins were synthesized in both the liver and ovary. Following this evolution, the ancestral line directed toward tetrapods lost the capability to express these genes in the liver. In the evolution of teleosts, some species have lost their ability to express these genes either in the ovary or in the liver. Therefore, the unique tissue expression of Chgs and the distribution of ChGs in the chorion in sturgeon may relate to the reproductive strategy (free spawning with sperm with acrosomes and eggs with numerous micropyles [58] ) that Acipenseriformes acquired during their evolution. This also enables us to hypothesize that during evolution of fertilization mechanisms, the ancient lineage leading to tetrapods lost the characteristic of micropyles and evolved a more penetrable envelope and that sperm acrosomes evolved more for regulation of sperm recognition and penetration of extracellular matrices. However, higher teleosts may be unique in that their eggs retained a single micropyle whereas the sperm completely lost their acrosomes.
As shown in the results of this study, the outermost portion of the inner layer of the chorion (L3) in white sturgeon consists The bottom three images show our hypothetical interpretation of chorion formation during oogenesis. Based on our studies, the chorion first develops as a single layer and then differentiates into two layers (L2 and L3) as the oocyte develops from the oocyte side toward the follicle cell layer (yellow arrow). In later oogenesis (after stage III), L1 development appears to form from the bottom of L2 toward the oocyte plasma membrane (green arrow). The dark blue arrowheads in each illustration show the border between chorion and oocyte plasma membrane, which always shows an intense orange color (indicating colocalization of red and green signals with more red than green). O, outer layer of the egg envelope; L1, L2, and L3 show the layers of chorion described in the legend to Figure 1. of ChG4. ChG4 is a homologous protein to ZPC in mammals (K. Murata et al., unpublished data), which has been suggested as the sperm receptor in the mammalian oocyte. It may be possible that L4 in sturgeon still retains a function for sperm binding to the eggs and/or as a substrate for the acrosine-like proteases released from the sperm during the acrosome reaction. It may also be possible that L4, which consists of ChG1 and -2, is involved as part of the mechanisms that blocks polyspermy by masking the surface of L3, and does not allow the sperm to contact the surface of L3.
Additionally, as postulated previously [58] , it is also possible that the sturgeon chorion has not fully evolved into the lineage to the stem line of the tetrapod. However, in lake sturgeon and puddlefish, sperm have retained acrosomes containing an acrosin-like enzyme during evolution [59, 60] . In both mouse and human, the carbohydrates chains in ZPC play important functions in sperm-egg binding [18, 19] . It is also possible that the mechanisms of the carbohydrate modification in the tissue synthesizing ChGs in sturgeon have not fully evolved for these ChGs to acquire the functions as a sperm receptor during evolution. The function of the acrosome in sturgeon sperm and its relationship to the numerous micropyles in the egg remain unknown [9] . However, if the ancestors of Acipenseriformes are close to the stem line of tetrapod evolution and are still in the process of evolving toward the lineage of either tetrapod or fish, the presence of acrosomes and micropyles may be critical at this stage of evolution. From this point of view, the identification of the molecular mechanisms of sturgeon oogenesis and chorion glycoproteins expression may provide a basic understanding of how modern teleosts diverged from the tetrapod lineage.
